The enantioselective synthesis of (S)-1-hydroxy-1,3,5-bisabolatrien-10-one 1 is here described. This sesquiterpene was prepared using (S)-3-(2-methoxy-4methyl-phenyl)butan-1-ol as a chiral building block. Two different pathways were employed and both turned out to be high yielding, affording 1 in good chemical purity and without any racemization of the existing stereocenter. The spectroscopic data of the synthetic (S)-1 were in very good agreement with those reported for the natural compound, which was extracted from Juniperus formosana heartwood and from the leaves of J. chinensis. The positive sign of the measured optical rotation value of synthetic (S)-1 allows the unambiguous assignment of the absolute configuration of (+)-1 as the (S)-enantiomer. This finding corrects the previous configuration determination which indicated the opposite result. At last, since even (R)-3-(2-methoxy-4-methyl-phenyl)butan-1-ol is preparable in high enantiomer purity by mean of a different biocatalytic process, the formal synthesis of natural (R)-1 was also accomplished.
The monocyclic phenolic sesquiterpenes of the bisabolane family have been isolated from many natural sources. Most of these compounds possess a benzylic asymmetric centre and display a wide range of biological activities, which are strictly related to their absolute configuration. Due to the difficulty associated with the stereoselective introduction of the aforementioned centre, only few [1] of the reported synthetic approaches to this class of compounds are enantioselective.
As a consequence, the absolute configuration assignment to a newly isolated natural compound is often a tricky step, especially if a straightforward chemical correlation is not available. To this end, circular dichroism study, some biosynthetic considerations, and comparison of the optical rotation sign with those of structurally similar terpenes might help in the tentative assignation of the configuration. This is the case with 1-hydroxy-1,3,5-bisabolatrien-10-one (1) ( Figure 1 ) whose enantiomeric forms were both isolated [2, 3] from Juniperus species. More specifically the levorotatory isomer was extracted from J. formosana heartwood [2] , whereas the opposite enantiomer was isolated from the leaves of J. chinensis [3] . On the basis of biosynthetic considerations the absolute configuration of the ()-isomer [2] was assigned as (S), whilst other authors [3] left unassigned that of the (+)-enantiomer.
Since we have previously developed [4, 5] an efficient synthetic method for the stereoselective preparation of (S)-3aryl(cyclohexenyl)-butanol of type 3 by mean of bioreduction of the corresponding 3-aryl(cyclohexenyl)-(E)-but-2-en-al of type 2
Baker's yeast ( Figure 2 ), we decided to exploit such a kind of chiral building block in the synthesis of 1.
As described before, baker's yeast-mediated reduction of aldehyde 4 [4] afforded (S)-3-(2-methoxy-4-methylphenyl)butanol (+)-5 in high enantiomeric purity (98%), which was thus used as a chiral building block in the synthesis of 1 (Figure 3 ).
First, the C1 homologation was performed by conversion of the alcohol functional group into the corresponding tosylate, followed by displacement with sodium cyanide in DMSO. The obtained nitrile (+)-6 could be transformed into the target compound by two different pathways.
The more straightforward one required the selective reduction of 6 by mean of DIBALH at low temperature (78°C) to give aldehyde 7. The latter compound was treated with isopropyl magnesium bromide to afford, quantitatively, carbinol 8 as a 1:1 mixture of diastereoisomers. The phenol ether group was then demethylated by refluxing 8 in DMF in the presence of an excess of sodium ethanethiolate [6] . The crude product was regioselectively oxidized to 1 by carefully use of Jones' reagent.
We also developed a second path in which the nitrile 6 was transformed into ketone (+)-9 by mean of a multistep process. Accordingly, hydrolysis of 6 afforded the corresponding acid, which was converted to the Weinreb's amide [7] group, no attempt at ether demethylation was successful and both the use of sodium ethanethiolate in DMF [6] and the reaction with BBr 3 in CH 2 Cl 2 [8] gave a complex mixture. Thus, we decided to reduce 9 to 8, which was then demethylated and oxidized, as described before.
Both synthetic pathways turned out to be high yielding and afforded 1 in good chemical purity without any racemization of the existing stereocenter. The spectroscopic data were in very good agreement with those reported for the two extracted enantiomeric forms confirming the structure and the occurrence in nature of ketone 1.
Surprisingly, we measured an optical rotation value of +17.5 (c 2.7, CHCl 3 ) for a sample of (S)-1 with 98% chemical purity and 98% ee. These data disagree with those recorded for (S)-1 extracted from Juniperus formosana [2] that shows an optical rotation value of 1.2 (c 0.8, CHCl 3 ); corresponding to a calculated ee inferior to 7%.
These findings unambiguously demonstrate that the previous absolute configuration assignment was wrong. The aforementioned statement was based on the assumption that sesquiterpenes containing oxygen atoms in both positions 1 and 10 of the bisabolane skeleton would be derived by oxidation of the corresponding bicyclic cadinane sesquiterpenes. Since Juniperus formosana heartwood contains cadinane sesquiterpenes showing a (S)-benzylic methyl group, the same absolute configuration was thus assigned to the natural ()-1. Although this is a sensible hypothesis, the optical rotation value measured for the natural extract was much inferior to that recorded for the synthetic material.
Two different explanations of these experimental data are possible. At a first glance it seems possible that the biosynthesis of 1 does not follow a degradative pathway and thus two concurrent pathways are present in the plant, one to the cadinane and one to the bisabolane sesquiterpenes,. Unfortunately, this interpretation does not take into account the very low optical purity of the natural compound. This is not an usual event in the bisabolane sesquiterpene family, which numbers only few components [9] showing modest enantiomer excess.
A second explanation lies in the possibility that a small amount of an impurity with a very high optical rotation value might be isolated along with 1, thus switching the sign of the overall measured optical rotation value. Neither of these considerations could allow a definitive statement on the absolute configuration of the natural compounds whose unambiguous assignment needs further investigations.
In conclusion, we have developed a straightforward synthetic path to (S)-1, which afforded the latter sesquiterpene in good overall yield and in high chemical and enantiomeric purity. Since the starting chiral building block is of known absolute configuration, we assigned unambiguously the (S)-configuration to (+)-1.
It is worthy of note that (R)-3-aryl-butanol is preparable in high enantiomer purity by mean of a different biocatalytic process [10] , thus giving access also to natural (R)-1.
Experimental
General: All moisture-sensitive reactions were carried out under a static atmosphere of nitrogen. All reagents were of commercial quality. TLC: Merck silica gel 60 F 254 plates. Column chromatography: silica gel. GC-MS analyses: HP-6890 gas chromatograph equipped with a 5973 mass detector, using a HP-5MS column (30 m  0.25 mm, 0.25 m firm thickness; Hewlett Packard) with the following temperature program: 60° (1 min)  6°/min  150° (1 min) 12°/min  280° (5 min); carrier gas, He; constant flow 1mL/min; split ratio, 1/30; t R given in min: t R (1) 23.01, t R (5) 18.93, t R (6) 20.34, t R (7) 19.70, t R (8) 22.56, t R (9) 22.29; mass spectra: m/z (rel.%). Optical rotations: Jasco-DIP-181 digital polarimeter. 1 H and 13 C spectra: CDCl 3 solutions at rt; Bruker-AC-400 spectrometer at 400 and 100 MHz, respectively; chemical shifts in ppm relative to internal SiMe 4 (=0 ppm), J values in Hz.
(S)-4-(2-Methoxy-4-methylphenyl)pentanenitrile (+)-6:
A solution of p-toluenesulfonyl chloride (3 g, 15.7 mmol) in CH 2 Cl 2 (10 mL) was added dropwise to a stirred solution of alcohol (+)-5 ( 20 D = +22.8 (c 4, CHCl 3 ), 98% ee, 2.5 g, 12.9 mmol) in pyridine (5 mL). After 4 h, the mixture was diluted with ether (100 mL) and washed in turn with 1N aq. HCl solution (100 mL), saturated NaHCO 3 solution (50 mL) and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was dissolved in dry DMSO (40 mL) and treated with NaCN (3.1 g, 63.3 mmol) stirring at 80-90°C until the starting tosylate could no longer be detected by TLC analysis (3 h). The mixture was diluted with diethyl ether (100 mL) and washed in turn with water and brine. The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was then purified by CC eluting with n-hexane/ethyl acetate (9:12:1) as eluent to afford pure (S)-4-(2-methoxy-4methylphenyl)pentanenitrile (+)-6 (2.41 g, 92% yield) as a colorless oil.
[α] D : +39.6 (c 2.0, CHCl 3 ). 1 Preparation of (S)-1-hydroxy-1,3,5-bisabolatrien-10-one Natural Product Communications Vol. 7 (4) 2012 457 mmol) in dry toluene (25 mL) at  75 °C. The reaction was stirred at 0°C for 1 h, then diluted with diethyl ether (60 mL) and quenched with a saturated solution of NH 4 Cl aq. (50 mL). A solution of H 2 SO 4 aq. (2 M, 60 mL) was added and the mixture was stirred vigorously for 3 h at rt. The reaction was extracted with diethyl ether (2 × 100 mL) and the combined organic phases were concentrated under reduced pressure. The residue was then purified by CC eluting with n-hexane/diethyl ether (95:59:1) as eluent to afford pure (S)-4-(2-methoxy-4-methylphenyl)pentanal ()-7 (1.56 g, 83% yield) as a colorless oil.
[α] D : 2.5 (c 2.0, CHCl 3 ). 1 
(6S)-6-(2-Methoxy-4-methylphenyl)-2-methylheptan-3-ol 8:
A solution of isopropylmagnesium bromide (6 mL of 1.5 M THF soln., 9 mmol) was added dropwise and under nitrogen to a stirred and cooled (0°C) solution of aldehyde ()-7 (1.4 g, 6.8 mmol) in dry THF (20 mL). After 1 h, the reaction was partitioned between satd. aq. NH 4 Cl soln. (100 mL) and diethyl ether (100 mL). The aqueous phase was extracted with further diethyl ether (80 mL) and the combined organic layers were washed with brine, dried (Na 2 SO 4 ) and concentrated under reduced pressure. The residue was then purified by CC eluting with n-hexane/ethyl acetate (9:12:1) as eluent to afford pure carbinol 8 (1.61 g, 95% yield) as a 1:1 mixture of diastereoisomers. 1 
(6S)-6-(2-Methoxy-4-methylphenyl)-2-methylheptan-3-one (+)-9:
A sample of nitrile (+)-6 (1 g, 4.9 mmol) was refluxed with a solution of NaOH (2 g, 50 mmol) in ethylene glycol/water 2:1 (20 mL) for 3 h. After cooling the reaction was diluted with water and extracted with diethyl ether. The organic phase was discharged and the aqueous phase was acidified with 5N aq. HCl solution and extracted with CH 2 Cl 2 . Removal of the solvent in vacuo left a thick oil which was dissolved again in CH 2 Cl 2 (10 mL) and treated with oxalyl chloride (1 mL, 11.6 mmol). The solution was set aside for 2 h at rt. The solvent and the excess oxalyl chloride were removed under reduced pressure. The residue was dissolved in CHCl 3 (15 mL) and treated with N,O-dimethylhydroxylamine hydrochloride (0.6 g, 6.1 mmol). The resulting mixture was cooled to 0°C, and dry pyridine (2 mL) was added dropwise with stirring. After 3 h the reaction was partitioned between brine (50 mL) and CH 2 Cl 2 (100 mL). The organic phase was dried (Na 2 SO 4 ) and concentrated in vacuo. The residue was dissolved in dry THF (20 mL) and the resulting solution was treated under a static atmosphere of nitrogen with isopropylmagnesium bromide (15 mL of 1.5 M THF soln., 22.5 mmol), stirring at rt for 12 h. The reaction was then poured into a mixture of crushed ice and diluted HCl (5% aq.) and extracted with diethyl ether (2 × 100 mL). The organic phase was dried (Na 2 SO 4 ) and the solvent removed under reduced pressure. The residue was purified by CC eluting with nhexane/ethyl acetate (95:58:2) as eluent to afford pure (6S)-6-(2methoxy-4-methylphenyl)-2-methylheptan-3-one (+)-9 (0.93 g, 76% yield) as a colorless oil.
[α] D : +1.8 (c 2.0, CHCl 3 ). 1 A sample of ketone (+)-9 (0.5 g, 2 mmol) in methanol (15 mL) was reduced with NaBH 4 (80 mg, 2.1 mmol) at 0°C. The work-up procedure afforded almost pure alcohol 8 (480 mg, 96% yield).
(S)-1-hydroxy-1,3,5-bisabolatrien-10-one = (S)-6-(2-hydroxy-4methylphenyl)-2-methylheptan-3-one (+)-1:
The carbinol 8 obtained as above (1 g, 4 mmol) was dissolved in dry DMF (5 mL) and was added under nitrogen to a stirred DMF solution (25 mL) of sodium ethanethiolate (20 mmol), which was prepared by addition of ethane thiol (1.25 g, 20 mmol) to sodium hydride (840 mg of 60% dispersion in mineral oil, 21 mmol). The mixture was then heated under reflux until the starting methyl ether was no longer detectable by TLC analysis (4 h). After cooling, the mixture was diluted with water (100 mL), neutralized with conc. HCl, and extracted with diethyl ether (2 × 100 mL). The organic phase was dried (Na 2 SO 4 ) and concentrated. The residue was dissolved in acetone (20 mL) and the resulting solution was cooled (0°C) and treated under stirring with Jones' reagent (4 mmol). As soon as TLC analysis indicated complete transformation of the starting alcohol (15 min.), the reaction was quenched with water and the mixture extracted with diethyl ether (2 × 100 mL). The organic phase was washed with brine, dried (Na 2 SO 4 ), and concentrated. The residue was purified by chromatography using n-hexane/ethyl acetate (95:57:3) as eluent to give (+)-1 (0.59 g, 63% yield) showing 94% purity by GC and [α] D : +17.8 (c 2.5, CHCl 3 ). About 4% of the above obtained product consisted of a single compound showing M + 248 and thus conceivably deriving from an over-oxidation side reaction (quinonic derivative). The transformation of the latter mixture with the corresponding p-nitrobenzoate ester (p-nitrobenzoyl chloride/Py), followed by chromatographic purification and ester hydrolysis (NaOH/MeOH) afforded pure 1 (more than 98% chemical purity by GC).
[α] D : +17.5 (c 2.7, CHCl 3 ). 1 
